We present a microscopy technique to image minute variations of optical properties at the interface of a metallic thin-film. This technique is based on an original transmission configuration of surface plasmon resonance sensors. It combines high diffraction-limited lateral resolution with unaltered refractive index sensitivity. Transmitted light is obtained by using near-field transducers positioned at the metal/dielectric interface to probe the propagative surface plasmon dispersion curve. This label-free technique can find applications in highly multiplexed molecular sensing or full-field surface microscopy. As an example, we show tomography images of silica nanometric patterns. Surface Plasmon Resonance (SPR) sensors enable the measurement of minute variations of optical properties near a metallic interface. SPR principle relies on the measurement of changes in the propagating surface plasmon (PSP) dispersion curve. These modifications are induced by the refractive index changes of the dielectric medium near the interface. 1 In SPR sensors, the variations of the refractive index are related to the surface concentration of detected molecules. 2 SPR technique is widespread in biosensing applications. In particular, it provides a way to monitor the dynamical interactions between biomolecules of interest (analytes) and ligands bound to the surface of the resonator-chip. 3 Commercial sensors have a typical sensitivity of 1 pg/mm 2 , corresponding to 10 À7 Relative Index Unit (RIU). 4 In the standard configuration, SPR sensors are composed of a thin metallic layer separating the medium of interest with a refractive index n d from a glass slide with a refractive index n g placed on an prism. The PSP propagating at the medium of interest/metallic interface is excited, through the prism, from the side with a higher refractive index ðn g > n d Þ to enable momentum matching (Kretschmann configuration). The resonance conditions give the following relation for the incident angle h SPR :
where m and d ¼ n 2 d are the permittivity of the metal and of the medium of interest, respectively. The angle h SPR is thus sensitive to the local refractive index of the dielectric medium. The presence of an extinction peak in the reflected light acquired as a function of the incidence angle is directly related to the PSP dispersion curve and the PSP excitation.
More recently, standard SPR configurations have been modified to enable multiplexing for high throughput sensing 5 and cell imaging applications. 6 The sensor chip is imaged on a camera using an additional lens. However, because of the presence of the prism, the numerical aperture (NA) of the added lens is limited (typically to 0.2 NA), resulting in a poor lateral resolution of the image ($3 lm). 7 Alternatively, a prism-less configuration using an immersion oil high NA objective lens has been proposed. 8, 12, 13 In that case, the highest diffraction limited resolutions become accessible. However, the refractive index sensitivity is dramatically reduced by unavoidable poorly controlled incidence beam (spatial heterogeneity and angular uncertainty) and angular projection effects of the excitation beam within the objective. Sensitivity can only be partially recovered when using scanning configurations. [8] [9] [10] [11] Here, we present an original transmission configuration that enables the combination of the highest diffraction limited lateral resolutions whilst maintaining the refractive index sensitivity of standard SPR. This configuration designated by transmission SPR (tSPR) enables the joint use of a prism for its unmatched ability to control the excitation beam together with a high numerical aperture objective which can freely access to the interface from the sample side. High lateral resolution is thus simultaneously obtained in a full-field configuration.
Figure 1(a) shows the theoretical reflectance curve (solid lines) as a function of the excitation angle. These curves are signatures of the dispersion curves of the PSP at the dielectric medium/metal interface. They present a sharp extinction for a specific angle h SPR associated to the PSP excitation. h SPR shifts to higher angles as the refractive index of the dielectric medium n d increases (black and bright curves, respectively). Standard SPR measures this shift to deduce the changes in the refractive index of the dielectric medium at the interface. In the case of biosensors, it is ultimately related to the surface concentration of interacting analytes. 7 PSP excitation is associated to the presence of an EM field (polariton) at the dielectric medium/metal interface. This field is evanescent, decaying exponentially in the dielectric medium.
14 The dashed line in Fig. 1(a) shows the normalized EM intensity at the interface as a function of the incidence angle. The observed peak is a direct signature of the PSP excitation and mirrors the sharp extinction in the reflectance curve. Similarly, it also shifts to higher angles as the refractive index of the dielectric medium increases (dark and bright curves, respectively).
Although this field is evanescent, it can be detected in the far-field by the presence of small fluorescent or scattering transducers situated near the interface. This method has been used to detect surface-plasmon propagation by photoinduced scattering using a focused probe laser beam. 15 For a large range of light intensity (far from the saturation regime), their emission is directly proportional to the local light intensity. Hence, the transmitted emission is proportional to the intensity at the interface (see Fig. 1(a) ). The transducers thus act as local near-field probes of the PSP excitation. Moreover, the evanescent field at the interface can be amplified on resonance as compared with the incident field. 16 This leads to a high signal to noise ratio even for low transduction yields.
Note that this property together with the confinement of the field at the interface has been used in enhanced fluorescence sensing 17 and imaging. 18 These techniques however are based on a very different principle as compared with tSPR. The detected light is proportional to the surface concentration of detected molecules, the PSP sensitivity to optical changes plays no role, and the molecules of interest need fluorescence tagging.
Because of their similar signal to noise ratio and angular dependence, standard SPR and tSPR have similar sensitivities. Fluorescent or scattering emitters locally probe the PSP excitation through their associated evanescent EM field. The desired concentration of transducers induces only very small modifications in the dispersion relation of the PSP. In any case, these changes can be taken into account in the calibration process. It is important that the transduction yield remains constant during the entire measurement. For this reason, care must be taken concerning possible photobleaching when using fluorescent probes. Similarly, the sample should remain still during the time of acquisition to avoid fluorescence or scattering fluctuations. 19 of typically 50 nm to maximize the PSP excitation. 1 The thin film has been obtained by e-beam evaporation on a glass slide (n g ¼ 1.515) after deposition of an adhesion layer of 2 nm of chromium. An index-matching liquid (immersion oil) insures continuity between the prism and the glass slide. The light source can be either a continuous laser (k ¼ 640 nm) or a LED emitting in the green (centered at k ¼ 532 nm) or in the red (centered at k ¼ 635 nm). The source is coupled to an optical fiber mounted on a motorized rotation stage. The fiber output beam is collimated by lens (L) and p-polarized by a polarizer (P) to excite the PSP. A LabVIEW program synchronizes the camera with the rotation stage for angular scanning. This angular interrogation allows one to fit the resonance peak of the PSP. It is therefore possible to monitor the spatial or temporal variations of the refractive index in the vicinity of the interface. The peak maximum is obtained from a gaussian fit, and the associated refractive index is deduced using a standard multi-layer Fresnel model.
The lateral resolution of the tSPR technique can be obtained by inducing a point variation of the refractive index and measuring the width of the SPR angle variation on the image. Figure 1(c) shows the profile (solid line) of the SPR angle shift Dh SPR induced by a nanometric object (smaller than the diffraction limit). The intensity profile associated with the point spread function of the microscope is also shown for comparison (dashed line). The FWHM of the SPR and intensity profiles are similar, 2.4 6 0.2 lm and 1.4 6 0.1 lm, respectively. Hence, the lateral resolution of the tSPR image is slightly larger than the diffraction limit of the microscope. . In SPRt, the signal is proportional to the light intensity at the dielectric medium/metal interface (dashed lines), which also shifts as the refractive index of the dielectric medium is increased. These curves are obtained using the Fresnel theory at k ¼ 635 nm for a multi-layer: glass/2 nm chromium/54 nm silver/dielectric medium. (b) Experimental setup for tSPR microscopy: a standard upright microscope is equipped with a standard Kretschmann configuration setup for sample illumination. The light source is a fibred LED mounted on a computer-controlled motorized rotation stage. The beam is collimated with the lens (L) and p-polarized (P). The sample comprises fluorescent or scattering emitters placed at the dielectric medium/metal interface (inset). The sensor surface is imaged on a CCD camera using a water immersion objective lens. (c) Profiles of the SPR angle shift Dh SPR (solid line) and of the normalized scattered intensity (dashed line) obtained from the tSPR angular scan of a nanometric object.
We first validate the tSPR method by performing measurements on refractive index changes of the entire dielectric medium. This enables us to measure the sensitivity of the technique directly in RIU. 7 We measured the changes of refractive index during the evaporation process of a water/ ethanol mixture. A protective layer of dodecanethiol has been deposited on the resonator-chip prior to the experiment. The tSPR signal is produced by a low concentration of fluorescent dyes (Rhodamin 700) that have been dispersed in the solution. These near-field transducers are homogeneously distributed in the dielectric medium and are continuously renewed near the interface insuring a constant signal transduction yield. Figure 2 shows the decrease of the refractive index versus time as the concentration of the mixture changes due to evaporation. The inset image shows the normalized fluorescence intensity as a function of the incidence angle at various times associated with the experimental plots in Figure 2 . The curves represent gaussian fits to obtain the angular position of the maxima. The two refractive indices at time zero and after 100 min (squares) have been obtained with a refractometer. The refractive index of the medium decreases from 1.359 to 1.345 due to the preferential evaporation of the ethanol. From the measured refractive index (left axis) it is possible to deduce the percentage of ethanol in the mixture (right axis) using the data in Ref. 17 . The precision of the relative refractive index measurements is about 10 À4 RIU. This sensitivity is limited by the thermal fluctuations of the setup with typical temperature variations of the order of 1 C. Note that in standard SPR devices, a temperature control down to the millidegree Celsius improves their sensitivity by about 3 orders of magnitude. 7 Increasing the sensitivity of our set-up would similarly require the use of a fine thermostated environment.
We now focus on the imaging performance of tSPR microscopy to map the local variations of optical properties near the interface. The samples are composed of silica patterns deposited on the resonator chip. Silica thickness takes two values: 15 nm or 18 nm. Figure 3 (a) shows a typical 3D surface tomography obtained from the tSPR measurements using a multi-layer Fresnel model with a refractive index for silica n SiO 2 ¼ 1:46. Figure 3(b) shows a close-up of a 3-nmthick step obtained in water and in air. The associated averaged profiles integrated on the 30 lm width of these areas are shown in Figure 3(c) . The tomography mapping is very similar in the two cases. The two measurements in water and in air give a 3 nm thickness in agreement with the measured thickness during a deposition process (within 10% accuracy). The slightly larger value in the case of water immersion can possibly be explained because of neglecting a slight increase of the silica-layer refractive index induced by silica porosity. In water, the signal to noise ratio S/N is reduced by one order of magnitude as compared to measurements in water (S=N water % 30 and S=N air % 300). This is a direct consequence of the much smaller difference between silica/water refractive indices than the silica/air ones.
Image resolution in tSPR is limited by the NA of the objective lens that can be as high as the refractive index of the dielectric medium. However, the sensitivity to the local refractive index in the PSP propagation direction is convolved by the PSP propagation along the interface. This length depends on the dissipation processes involved. A first process is the absorption in the metal through the imaginary part of its refractive index. This depends strongly on the nature of the metal and on the light wavelength.
14 Second, damping processes induced by the film roughness can also cause a reduction in the PSP propagation length. 21 Roughness induces scattering into other surface plasmon states and into the dielectric medium. Note that this process is being used to provide natural in situ near-field transducers for the tSPR signal in the present case. However, the small roughness involved here makes this effect negligible to change the PSP propagation length. 22 A third process is the coupling into leakage radiation modes in the glass medium. This radiative emission process, called inverse Kretschmann effect, depends strongly on the film thickness. 23 As the thickness of the metal layer is decreased, the coupling efficiency is increased, and radiation loss dominates the wave attenuation. Hence, the thickness of the metallic thin film permits tuning the propagation length down to the micrometer. 24 To show the role of the propagation length, we have chosen a 54 nm thick silver metallic thin film for which absorption is small resulting in a measurable propagation length larger than the diffraction limited resolution. Figure 4 (a) shows the normalized topography map of a 3 nm silica step obtained from tSPR images for PSP propagation orthogonal and parallel to the step at different wavelengths (532 nm and 635 nm). The deduced averaged normalized profiles are plotted in Figure 4 limited by diffraction associated to the NA of the objective lens. The lateral resolution is usually defined by d % 0:5k=NA. In the present case, the objective NA is equal to 0.8; hence, d is smaller than one micron in the entire visible spectrum. This is much smaller than the characteristic length of the step profile resulting from the silica deposition process. Conversely, for the orthogonal profiles, the characteristic length of the step profile must be compared to the propagation length of the PSP. Using the expression given in Refs. 22 and 23 that takes into account the absorption in the metallic thin film and the radiative emission by the inverse Kretschmann process, we obtain for the propagation length of PSP, L g ¼ 18 lm and L r ¼ 43 lm, respectively, in the green and red spectral region (the refractive indices of the silver being n Ag ðk=532 nmÞ 2). The propagation length is very sensitive to the illumination wavelength as a result of the high spectral variations of the imaginary part of the refractive index of the metal. It is a general feature that the propagation length increases in the red as damping decreases in metals.
In the present case, the radiation losses to leaky modes are the dominant damping process. For thick silver samples, propagation lengths of L g ¼ 28 lm and L r ¼ 66 lm would have been obtained. Note that the PSP propagation length can be reduced down to the diffraction limited resolution by a proper choice of metal and thin film thicknesses (for instance with a 40 nm thick gold film). In that case, tSPR technique would reach a typical resolution of less than a micron (with NA up to n d ), conversely to standard SPR geometries limited by the geometry of the setup (with typically NA ¼ 0.2). Without loss of sensitivity, tSPR enables a gain of more than one order of magnitude in biosensors density and open new perspectives in surface imaging. In particular, tSPR can combine resolution and sensitivity needed for a label-free imaging of membrane and adhesion processes of living cell. 
